ABSTRACT
CD8-positive T cells respond to small antigenic peptide fragments presented on class I major histocompatibility complexes (MHCs). Those specific T cell epitopes capable of precipitating a cellular immune response are either derived from (altered) self (i.e. they are autoimmune-or cancer-associated) or come from foreign sources (i.e. they are pathogen-associated). Identification of T cell epitopes provides elementary information that can be employed in technologies that monitor and predict the likely outcome of an immune response, as well as in therapeutic and vaccine development efforts. The coexistence between host and pathogen has largely driven the diversification of both their systems of immune surveillance and their antigenic determinants, respectively. In this review, we discuss the multitude of factors that introduce diversity to the T cell response from both sides of the host-pathogen interaction. Furthermore, we provide an overview of a variety of commonly employed methods and tools to characterize class I MHC restricted antigen presentation and recent endeavors towards the harmonization of reporting data concerning T cell responses.
INTRODUCTION
A complex interplay of various humoral and cellular immune effectors is required to effectively combat infections, malignancies, and autoimmune diseases. In order to eliminate foreign antigens, maintain immune homeostasis, and develop protective immunity, the host's adaptive immune system orchestrates a myriad of responses against specific pathogens. Whereas antibodies generally recognize intact antigens, T lymphocytes provide critical surveillance and protection by recognizing fragments of their cognate antigen presented to their T cell receptors (TCRs) by specialized molecules on the surface of the infected cell. An infectious insult activates the antigenspecific T cells to transiently undergo massive clonal expansion and effectuate the clearance of the infected cells (and the associated pathogen) through cell-mediated cytolysis and release of cytokines such as interferongamma (IFN-gamma) (1, 2) . Numerous structurally diverse, and clonally distributed antigen-specific receptors are produced within a lymphocyte population in a bid to deal with the heterogeneity of presented antigens that the immune system has not previously encountered. The generation of a diverse T cell receptor repertoire is accomplished through the random recombination of variable (V), joining (J) and diversity (D) gene segments to a constant region (C) for the beta-chain of this heterodimeric complex, whilst the alpha-chain only undergoes V-J-C genetic recombination. Inaccuracy in the process of joining the gene segments, particularly the variable addition or subtraction of nucleotides, ensures additional diversity (3, 4) . In the resulting type I membrane protein complex, the extracellular variable and constant domains for both the disulfide-linked alpha-and beta-or gamma-and delta-chains fold in immunoglobulin-like structures, that are followed by a transmembrane and a cytoplasmic domain. The hypervariability in the junctions of the alpha-and beta-variable domains is at the basis of TCR diversification, however, these complementaritydetermining regions (CDR) have relatively modest affinity ( 1-100 µM) for the presented antigen (5, 6) . The counterstructure recognized by the TCR is a composite surface of a protein complex consisting of a pathogen-derived peptide and a major histocompatibility complex (MHC) molecule at the surface of the antigen-presenting cell. Typically, exogenously acquired antigens are presented on class II MHC products that in turn are capable of stimulating CD4-positive T lymphocytes, whereas the CD8-positive T cells respond to endogenously processed antigens presented on class I MHC. The class I MHC molecule is a heterotrimeric glycoprotein complex with characteristic immunoglobulin folds that consists of a polymorphic membrane-anchored heavy chain (~43kDa) which is non-covalently associated with an invariant light chain (beta2-microglobulin, beta2m, ~12kDa) and a peptide ligand (5) . The heavy chain can be subdivided into three domains (i.e. alpha1, alpha2, and alpha3), where domains alpha1 and alpha2 form an antigen-presenting superdomain capable of binding small peptide fragments (~1kDa). Specifically, an eight stranded beta-sheet platform is traversed by two antiparallel alphahelices, that form the sides of a ligand-binding groove. As the N-and C-terminal ends of the peptide are required to be firmly embedded in this closed MHC binding groove, their length is usually limited to 8-11 residues. Further constraints are imposed by six distinct binding pockets (A-F, see Figure 1 ) in this groove, where the amino acid residues lining these pockets define their exact geometry, chemical environment, and consequently the peptide Table 1 . Online available pathogen sequence databases binding complimentarity. Peptides that are showcased to the immune system on class I MHC are derived from cellular proteins that have escaped complete destruction during normal intracellular protein turnover, where degradation of short-lived or defective proteins serves to maintain cellular protein homeostasis (7) (8) (9) . The first step in the generation of antigenic peptides involves the posttranslational modification of a target protein substrate with an ubiquitin chain, which serves as a molecular signal for rapid degradation by the proteasome. The fraction of peptides that survives can be processed further by cytosolic proteases into even smaller peptides or their constituent single amino acids, or be translocated into the ER by the Transporter Associated with antigen Processing (TAP) complex. N-terminally extended precursors can there be trimmed to optimal length by endoplasmic reticulum (ER)-resident aminopeptidases (ERAP) before being loaded on a recipient class I MHC, thus releasing the final complex from its surrounding chaperones including tapasin, calreticulin, and the oxidoreductase ERp57, and initiating its migration through the Golgi to the plasma membrane (7, 10) .
DIVERSITY IN T CELL EPITOPE DISCOVERY
The development of novel diagnostic, prognostic and eventually immunotherapeutic applications exploiting class I MHC antigen presentation, crucially depends on the exact definition of the antigen and the MHC restriction element, and subsequently on the monitoring of the ensuing antigen-specific T cell response. Some of the major obstacles that need to be overcome for a proper description of the cellular immune response involves dealing with the multiplicity of variables that are at its basis. In this review, we aim to give a broad overview of the challenges faced in this field, specifically due to the large diversity of pathogens encountered by the human immune system, the diversity of MHC molecules present in the individual host as well as in the population, and the plethora of technologies that immunologists currently have at their disposal. Finally, the recent drive to limit the diversity in reporting through the development of standards such as the Minimal Information About T cell Assays (MIATA) initiative will be highlighted.
Diversity of the pathogen
Antigen-independent diversification, through the stochastic process of V(D)J gene rearrangements, provides T cells with a near limitless repertoire of randomly generated antigen receptors in anticipation of pathogens that the adaptive immune system thus far has never encountered. Knowledge of the offending microbial genome represents the first step in describing the complexity of this arms race in diversity between both host and pathogen, as it essentially provides a catalogue of all the potential virulence factors and immunogens, and allows T cell epitope discovery to focus only on those translated products represented by the genome. In 1995, a landmark publication by The Institute for Genomic Research (TIGR) reported the sequencing of the first genome of a free-living organism, the bacterium Haemophilus influenzae (11) . Whole genome sequencing, aided by novel sequencing technologies such as cyclic-array strategies that have been rapidly developed into commercial platforms and have proven successful in replacing the traditional Sanger biochemistry-based methods, has since dramatically accelerated (12, 13) . The accumulation of genomic data on microorganisms of medical significance has generated a wealth of publicly available information, as illustrated by Table 1 , where a number of web resources providing this sequence data as well as analysis software are listed. The enormous influx of information will continue to require solid bioinformatics infrastructures for the comprehensive analysis and extraction of useful in silico information of pathogen diversity (14) (15) (16) . Archived data can provide a useful scaffold for the annotation of multiple related genomes, and permits the comparison of whole genome sequences on the level of phylogenetically related strains and species, as well as between higher order taxonomic ranks. The degree of sequence conservation and variability between genotypic variants of pathogens also provides direct insight into their proteomes and the inherent antigenic variation in immune responses they could provoke.
Apart from databases that catalogue the complete and intact source of the antigen, MHC-binding ligands have also been extensively documented and deposited in publicly available archives (17). This was pioneered in 1995 with a relatively modest collection (as judged by current standards) of a few hundred peptide entries, mostly consisting of human ligands and T cell epitopes, that later were consolidated into the SYFPEITHI database (18, 19). Increasing demand from the immunological research community has driven the development of several databases ( Table 2) with each of them addressing particular niche areas although considerable overlap exists between them. For example, there are repositories that focus exclusively on a particular pathogen (e.g. the Influenza Sequence and Epitope Database (20), or the Los Alamos HIV databases (21)), whereas others concentrate primarily on those data sets for which complete structural characterization of the pMHC complexes is available (e.g. the MHC-Peptide Interaction Database version T2 (MPID-T2) (22)). A more recently developed online repository, The Immune Epitope Database (IEDB), also aims to collate information on antibody and T cell epitopes for humans, as well as other species such as non-human primates and rodents. Experimental data, both positive and negative, is derived and curated from published data obtained from PubMed, as well as through direct submission of large data sets by individual investigators (23, 24). The data covers several immunological domains spanning from infectious diseases (excluding HIV), allergy, autoimmunity, transplantation, to cancer. Separate categories have been created for HIV, and orphan data that does not fit in any of those domains is classified as "Other". As with any archive, the data curation needs to apply transparent criteria for data inclusion and several levels of review to ascertain the antigenic entity, its source and the context of immune recognition, be it a description of a T cell response or qualitative and quantitative binding data for peptides to cognate MHC molecules. Furthermore, when querying and extracting information from epitope databases, it is paramount to be able to make a clear distinction between data that describes binding of a peptide sequence to a particular MHC molecule, and a T cell response against a defined peptide-MHC complex, which are fundamentally different parameters that cannot be used interchangeably. Finally, in order to stay current, these repositories need to deal with an exponential growth of immunologically relevant data making it "a work in progress" that requires continual updating of epitope data, and upgrading of the software interface.
Databases of immunologically relevant peptides and experimental details, combined with genomic data of a myriad of pathogens, have proven excellent resources for bioinformatics to develop tools to predict candidate epitopes, that can save valuable time and resources associated with experimental T cell epitope identification. The precise technological features of methods for epitope prediction have been extensively reviewed by the groups of Reche (25), Sette (17), Ren (26), Ranganathan (27), and Nielsen (28). We here provide a limited discussion of the more commonly used bioinformatic tools that are freely available as ready-to-use internet-accessible programs ( Table 3 ). The main attraction of web-based epitope prediction programs is their easy and public access, even though they are not ideally suited for handling large data sets and their output data is not normalized making comparison between different methods difficult. Most methods in essence predict peptide binding to the MHC whereas predictive tools describing T cell reactivity for particular peptide-MHC combinations have, to our knowledge, not yet been reliably developed. The factors that influence the performance of prediction methods in terms of accuracy and sensitivity are primarily the type of data used to train the algorithm, and the nature of the predictive algorithm or model. The latter can be broadly categorized in qualitative and quantitative peptide sequence-based models, and structural modeling methods (25). The earliest attempts on predictions were epitope-data driven and comprised the qualitative description of motifs of amino acids commonly found at specific positions within the polypeptide sequence (18, 19, 29) . This was improved upon by the definition of motif matrices, where complete tables were constructed with residue-specific coefficients for each position within the peptide chain, allowing the scoring and ranking of epitopes by summing, multiplying or averaging the individual coefficients derived from a peptide sequence (19). Ever more sophisticated platforms, including hidden markov models (HMMs), artificial neural networks (ANNs) and support vector machines (SVMs), have since been developed (25, 27, 28). Many of these computational strategies have also been applied to quantitative prediction models with the distinction that biophysical affinity data for peptide binding to the MHC serves as the training information (25). The incorporation of parameters such as the likelihood of proteasomal processing or TAP transport have further added theoretical sophistication, although the benefit of their inclusion has not been conclusively demonstrated (17), and predictive methods have yet to include variables such as rates of protein expression, protein localization, proteolytic processing, or the T cell repertoire to which the peptide is presented. Finally, three-dimensional atomic structures for various MHC molecules obtained by X-ray crystallography, each detailing the exact geometry and chemical environment of the peptide binding cleft of the specific MHC, have also been exploited for epitope prediction using strategies such as protein threading, homology modeling and peptide docking (25, 27).
Side-by-side comparison of prediction methods has revealed that artificial neural networks and consensus prediction emerge as the tools of choice, however, the principle factor influencing performance remains the size of the training data (30-32). Increasingly successful mathematical models and algorithms that will continue to guide and focus epitope identification efforts will require the integration of both novel in silico methods and experimentally validated data on peptide binding or T cell reactivity. It is noteworthy that there is considerable disparity in the quantity and quality of epitope-related data for different allelic variants of MHC molecules, with a strong bias towards the archetypical HLA-A*02:01 ( Figure  2 ). The comprehensive dissection of cytotoxic T lymphocyte (CTL) responses across genetically heterogeneous human populations necessitates epitope identification efforts to focus on the less-studied yet commonly distributed MHC molecules. 
Diversity of the epitope
It is becoming increasingly clear that the diversity of peptides that are subjected to immune surveillance greatly exceeds what can be predicted from the coding capacity of the genome alone. From an immunity perspective, the exact source of an unconventional epitope must be subordinate to capturing any information that can enhance the capacity to differentiate friend from foe by widening the pool of potential antigens. The mechanisms reviewed below extend the sequence diversity beyond those peptides derived by normal cellular protein turnover, which has profound impact on epitope discovery efforts and highlights the potentially byzantine antigen diversity encountered by the immune system. The term cryptic peptides, which refers to their atypical origin, is usually reserved for those peptides that arise from translation of sequences other than the primary DNA encoded open reading frame (8, 9, (33) (34) (35) (36) . Aberrant posttranscriptional regulation can, for example, result in the retention of intronic sequences in the final transcript (37), incomplete splicing events with novel epitopes located across an exon-intron junction (38), or exon extension with the concomitant introduction of novel translation initiation sites (39). The translation process itself provides yet another mechanism for generating unconventional gene products by using alternative sites of initiation. The ribosome can, for example, bypass the conventional initiation codon for a preferred site downstream in an alternative frame, in a process known as initiation codon scan-through (40, 41). Moreover, the ribosome can commence translation from non-canonical codons (42-44), thus decoding a leucine residue instead of methionine as the first amino acid of the translated product, or include "untranslated" regions on either the 5'-or 3'-end of the transcript (43, 45), and many variations on this theme have been identified.
Epitopes derived from alternative reading frames have been observed repeatedly in malignancies (46) and in autoimmunity (47), as well as in T cell responses against pathogens with a high rate of nucleotide insertions and deletions such as influenza (40, 41) and human immunodeficiency virus (HIV) (48, 49). Remarkably, evolutionary pressure imposed by the immune response has been shown to drive viral adaptation to generate escape mutants of cryptic peptides, whilst leaving the coding sequence of the original reading frame unaffected, illustrating their relevance to immunity (48).
A variety of post-translational modifications (PTMs) contributes to protein stability and regulates their function, for example by determining the activation state of an enzyme (50). Fundamental cell signaling events, inflammation, cellular transformation, and apoptosis can all be accompanied by changes in PTM patterns, which in turn can result in immune recognition of the modified proteins or fragments thereof (51-53). Peptides derived from proteins involved in such processes can either retain these non-genetically encoded features, or incorporate them at some point in the antigen-processing pathway, subsequently eliciting an immune response that is capable of discriminating between these specific modifications. Antigenic peptides presented both by class I and class II MHC have been decorated with additional chemical moieties at their termini as well as on their side chains, with examples ranging from acetyl-(54), cysteinyl-(55), glycosyl-(56), methyl-(57), nitro-(58) to phosphate (59) groups. Alternatively, the chemical nature of the epitope side chains can be enzymatically converted in processes such as deamidation (60, 61) through the action of Nglycanases or transglutaminases, citrullination (35, 62), asparagine-bond isomerisation (63), or cysteine oxidation to form intramolecular disulphide bonds (64). Not only does chemical alteration of potential epitopes direct the T cell repertoire structurally by influencing peptide transport, binding to chaperones and the MHC, as well as pMHC-TCR affinity, they can also directly influence their processing (65, 66) . For instance, deamidation of asparagine residues, occurring either spontaneously or during the removal of N-linked glycosyl groups, renders the sequence less vulnerable to proteolytic degradation by asparagine endopeptidases (67) .
Protein (or peptide) splicing is arguably the most extreme form of PTM, and entails a primary amino acid sequence going through a series of proteolytic and peptide ligation events (68) . This posttranslational "cutand-paste" reaction yields noncontiguous peptide sequences effectively disrupting the genome coding sequence. In unicellular organisms, numerous examples of self-catalyzed protein splicing have been described where a polypeptide segment is excised from the original sequence (an intein) and subsequently intramolecularly conjugated to a flanking sequence (the extein) without the help of proteases or other auxiliary factors (69) . The predictability of this process make intein-based technologies increasingly popular in the field of protein-engineering (70) . When the transpeptidation process is initiated by cysteine-, serine-, or threonine proteases, the first step of proteolysis involves the formation of an acyl-enzyme intermediate. Resolution of enzyme-substrate complex can occur through nucleophilic attack by the N-terminus of a polypeptide in close proximity, which is in direct competition with hydrolysis (68) . A report by Hanada et al revealed that T cell epitopes could indeed be generated through proteasecatalyzed protein splicing, thus highlighting that nongenetically encoded peptides could add significant complexity to epitope identification (71) . Further studies cemented this notion by pinpointing the proteasome, a central player in the generation of antigenic peptide fragments, as the catalytic center where sequence scrambling of the peptide could occur in both linear and reverse order (72, 73) . In this context, it would be intriguing to speculate about the existence of chimeric epitopes derived from multiple parent proteins being generated in similar fashion, although the likelihood of creating those in large abundance in a cellular context might be considered minimal.
In conclusion, the increased variety of epitopes that cannot be inferred directly from the genome sequence because of alternative modes of translation, through natural PTM of the primary peptide sequence, or through peptide splicing events, will both qualitatively and quantitatively affect the spectrum of T cell responses and therefore impact upon both immunity and disease.
Diversity of the host
In humans, MHC molecules are designated as Human Leukocyte Antigens (HLAs). The HLA gene locus, located in the 6p21 region of human chromosome 6, contains ~32 thousand known protein coding sequences, including the genes encoding the class I and class II HLA complexes (74) . These HLA molecules are encoded by polygenic and exceptionally polymorphic gene families. The polygenicity is derived from clusters comprising classical genes (class I HLA-A, -B and -C; class II HLA-DP, -DQ, -DR), non-classical genes (class I HLA-E, -F, -G; class II HLA-DM and -DO) and various pseudogenes, and allows an individual to simultaneously present multiple antigens (75) . Maternally and paternally inherited alleles add the final layer of HLA diversity, with a high probability for heterozygosity within offspring given the polymorphic nature of the HLA loci, thereby possibly providing a survival advantage against pathogens as discussed below (76) (77) (78) (79) . The allelic polymorphisms for each of those genes is primarily restricted to those residues that line the peptide-binding groove of these molecules, thereby largely defining the peptide-binding and presentation repertoire of the individual gene product. As per October 2010, the IMGT database lists the sequences of over 4300 class I and 1290 class II HLA molecules, with the highest polymorphism found in the classical HLA genes with 1381 HLA-A, 1927 HLA-B, 960 HLA-C and 924 HLA-DRB alleles, and these numbers are steadily increasing still (80). When clustered either by ethnicity or geographical location, prominent distributions of HLA allelic variants can be discerned, as illustrated by Figure 3 (81). HLA-A*02:01 is commonly found in Europeans (27%) and north Americans (20%), but is contrastingly low in southeast Asians (7%) and southwest Asians (12%). On Table 4 .
On an individual level, disease susceptibility can be directly influenced by these genetic variations, as minor differences in the constellation of expressed HLA alleles can have crucial consequences during challenges to the immune system by infectious disease, as has been shown in dengue virus (DENV) (83), HIV (84, 85), hepatitis B and C virus (HBV and HCV) (86, 87), and human papilloma virus (HPV) (87). Because HLA diversity is a critical mediator in the generation of specific T cell responses, epitope identification should provide a basis of understanding of the requirements for developing protective immunity against these pathogens in various human populations.
Through the vast repertoire of allelic variants for HLA molecules present in the general population, each of them capable of binding distinct sets of peptides, a mechanism is created to deal with the large diversity of antigens for which no prior experience within the collective immune system exists. At the same time, significant crossreactivity in peptide binding to different HLA variants has been observed. For example, it was found that the HLA molecules B*35:01, B*35:02, B*35:03, and B*54:01 share a consensus motif (88). Therefore, it has been proposed to cluster HLAs that bind largely overlapping collections of peptides into supertypes, in the above case the B7 supertype. A major driving factor behind this reductionists approach was the desire to design and develop subunit vaccines, which are non-infectious formulations consisting only of the immunogenic determinants without any irrelevant component. Vaccination with the antigen alone holds some inherent advantages, as it circumvents the safety concerns associated with whole pathogen vaccination schemes, the concentrated delivery of antigens could boost the vaccines efficiency, and it should provide control over the direction and breadth of the immune response. The conceptual reduction in complexity introduced through HLA supertypes can be a valuable tool in the search for cross-reactive antigens capable of providing appropriate protection over a heterogeneous group of HLAs. The initial classification, which so far is limited to allelic variants of HLA-A and -B, identified four HLA supertypes based on their ability to bind similar peptide sequences: their corresponding supermotifs (89). Detailed inspection of the pocket architecture, enabled largely through the availability of crystallographic data on a variety of MHC molecules (90-94), has revealed that peptide binding specificity is governed primarily by the physiochemical properties of the B and F binding pockets in coupled fashion (Figure 1 ). This scheme was thereafter expanded to nine HLA supertypes to accommodate the majority of HLA molecules identified at that time. The range of supertypes -A1, A2, A3, A24, B7, B27, B44, B58, B62 -was broadly inclusive of the HLA variants found in most ethnic groups worldwide (95) . The refinement and development of novel immunotechnologies, as will be discussed in the following section, has continued to produce an abundance of novel T cell epitopes and spurred a third update and revision of the classification, yet, in its most recent incarnation no new HLA supertypes were identified (96) . Moreover, based on overlapping peptide repertoires, some HLAs appeared not to belong to a single supertype but rather required to be categorized in several supertype families. In light of the polymorphic nature of HLA, this promiscuity in peptide binding is not difficult to envisage. Although the notion of HLA supertypes has been applied in a variety of disease settings, and has been evaluated as a diagnostic and prognostic parameter (89, 95, 96) , it has its basis in peptide-MHC binding. Future studies shall provide insight whether the concept of clustering polymorphic HLA based on degeneracy in T cell recognition will continue to provide added value.
Diversity of immunotechnologies
Many technologies have been added to the immunologists' toolbox to establish the precise identity of CD8 + T cell antigenic determinants, and the majority of those has been reviewed in-depth (97) (98) (99) (100) (101) . Here, we highlight several selected assays (Table 5) categorized by those that probe peptide-binding to the MHC (as measured by the presence of a (labeled) ligand or by stabilization of the resulting protein complex) and assays looking at cellular responses (as measured by surface expression of specific TCRs or T cell function such as cytokine secretion).
Biophysical techniques allow assessment of epitope binding and stabilization characteristics for individual MHC products. They involve either systems with cell-lines expressing particular MHC molecules, or cell-free systems that require the use of soluble MHC molecules. Common cell-lines capable of antigen (105, 106) . Peptide binding assays employing these lines depend on the presence of "empty" class I MHC molecules on the cell surface to enable the exogenous addition of peptides. This is achieved in RMA-S cells by maintaining them at 26°C (102, 103) , in transfected T2 cell-line because peptides derived from cytosolic antigens are not presented (104, 107) , and in other cell types by transfection to induce an overexpression of HLA (108) or by a mild acid treatment to remove the peptide from the complex (105, 106). In the T2 or RMA-S peptide stabilization assays, peptides are added directly to these "empty" MHCs. The surface expression level of the stabilized complex is then probed with MHC-specific antibodies and quantified by flow cytometry (102, 109, 110) . Another avenue pursued with these cell-lines are peptide competition assays, where the inhibition of binding of fluorescein-labeled (105, 106) or radio-labeled peptides (108) by non-labeled peptides-of-interest to the "empty" MHC is measured. This can be accomplished using either flow cytometry or gamma counting of metabolically labeled MHC molecules isolated from lysed cells by gelfiltration or immunoprecipitation. Peptide competition involving radioactive ligands has been demonstrated on pre-purified detergent-solubilized MHC molecules as well (111-115).
Assays involving cell-free systems that directly measure peptide-MHC binding come with a number of distinct advantages. First, the confounding effects of simultaneous surface expression of multiple MHC variants on a single cell are absent. Furthermore, less commonly studied MHCs are directly accessible even when cell-lines for those are not yet available. Finally, the difficult isolation of MHC proteins in sufficient quantity and purity from cultured cells is circumvented, as is the need for continuous maintenance of cells with the inherent potential for culture contamination. As a means of detection, fluorescence polarization has become increasingly popular in cell-free assays. Typically, a nonanchor amino acid residue in the peptide-of-interest is + T cells with high specificity but with low affinity. (B) By attaching multiple pMHCs to a streptavidin core, the avidity of the complex for the T cell is significantly increased without loss of specificity. (C) Fluorescent labels attached to the core streptavidin make the MHC-tetramer (or "tetramer") a staining reagent for T cells of select specificity that can be employed in fluorescence microscopy, and flow cytometry analysis.
substituted for a FITC-conjugated lysine (100). The ratio of free and bound peptide-FITC probe to soluble MHC can then be measured directly by fluorescence anisotropy, from which the binding characteristics of the ligand can be determined without the need for any MHC separation steps (100). Peptide competition assays using this detection method are also feasible. Moreover, this method was successfully employed together with UV-mediated peptide exchange (vide supra), in which class II MHC was pre-loaded with a conditional ligand that fragmented upon UV-light exposure and then was exchanged for a fluorescent probe (116) . Finally, the capability of non-labeled peptides to stabilize the MHC following UV-mediated peptide exchange can be tested with the MHC-stability ELISA assay. Peptide binding is indirectly ascertained with beta2m-specific antibodies by probing for its presence or absence, as this subunit will be lost too when a replacement peptide does not adequately stabilize the complex. Subsequent colorimetric development provides an assay read-out similar to traditional ELISA (117, 118) .
Mass spectrometry (MS) based techniques provide a bottom-up approach to identify peptides that bind to cell surface MHC. Generally, the ligands are extracted by acid treatment and purified by high-performance liquid chromatography (HPLC). The eluted peptide fractions are then analyzed for their ability to induce T cell activation, and the bioactive fractions are probed using liquid chromatography in combination with tandem mass spectrometry (LC-MS/MS) for definitive peptide identification (97, (119) (120) (121) (122) (123) (124) . One major advantage of this technology is that it can operate without prior knowledge of the input antigen's identity. Cryptic epitopes or posttranslational modifications, as discussed earlier, are thus readily identified. However, the technological sophistication that is required to run such experiments often precludes its wider and more frequent application.
As T cell expansion and function is the most direct measure of the host's immune response to infection, antigenic peptides identified through T cell-based assays are invaluable. T cells can be directly analyzed by flow cytometry using various labeling strategies that seek to distinguish them by their antigen-specific TCR, their function or combinations thereof. Such techniques are useful for both epitope discovery and for functional characterization of antigen-specific T cells. First described by Altman et al, the MHC tetramer is such an enabling technology for the visualization of antigen-specific CD8 + T cells (125) . As illustrated (Figure 4) , recombinantly produced MHC molecules of defined specificity are multimerized, traditionally around a streptavidin core that is endowed with a fluorophore label of choice, to increase the avidity of the combined complex without loss of specificity (126) (127) (128) . As the synthesis of tetramers is timeand labor-intensive, the construction of large tetramer libraries for epitope mapping has not been feasible until Toebes et al developed a peptide exchange strategy involving tetramers loaded with UV-sensitive conditional ligands (129) . The initial ligand bound to the MHC contains a photocleavable residue which fragments the peptide backbone after longwave UV irradiation (129, 130) . The resulting complex is unstable unless a rescue peptide is provided to occupy the emptied peptide-binding groove, consequently producing a novel peptide-MHC combination ( Figure 5 ) (129) . Adopting a similar peptide exchange strategy, chemosensitive ligands that cleave upon exposure to a chemical trigger can also be designed. Specifically, NaIO 4 has been employed to induce chemocleavage in a diol-containing conditional ligand (131). By using conditional ligands, the time spent with high-throughput production of MHC tetramers of distinct specificity can be vastly reduced and T cell epitope discovery has been achieved with MHC tetramer libraries for the murine MHC restriction elements H-2K b , -D b , and -L d (132) (133) (134) (135) and human HLA-A1, -A2, -A3, -A11 and -B7 (129, (136) (137) (138) ).
Epitope-identification based on T cell function can be accomplished by antigen-specific activation of T cells which results in a transient increase in cytokine For example, CD107, a marker for activation-induced T cell degranulation, is found on the luminal side of cytotoxic granules but becomes part of the plasma membrane upon cytolytic degranulation. Antibodies specific for CD107a and -b allow the visualization, typically by flow cytometry, of this temporary increase on the cell surface which can occur in concert with IFN-gamma release (146). Further characteristic cell surface markers for activation include increased expression of CD137 (147), CD44 (148), CD69 (148-150), the late activation marker CD25 (150, 151) or low levels of CD62L (148). T cell proliferation is routinely demonstrated using 3 H-thymidine, bromodeoxyuridine (BrdU) (152, 153) and carboxyfluoresceine-diacetatesuccinimidylester (CFSE). Similar to tritium-labeled thymidine, the non-radioactive thymidine analog BrdU is incorporated into the DNA during replication. As cell fixation is required to give BrdU-specific antibodies access to the nucleus, isolation of intact and vital cells for followup assays is not possible, and the number of cell cycles the cells have undergone can also not be measured. These limitations are not imposed when CFSE, a protein-reactive fluorescent dye, is used for tracking proliferating cells. Upon each cellular division, CFSE labeled cells lose half of their fluorescence intensity resulting in a series of spectral peaks (154). Alternatively, CFSE can be used to detect the site of antigen presentation, the origin of the antigenpresenting cells and the proliferation rate of T cells in vivo after CFSE-labeled T cells has been adoptively transferred to a recipient host (155, 156). A combination of MHC tetramer, cell activation and proliferation marker, and intracellular cytokine staining can be analyzed concurrently by multiparametric and polychromatic flow cytometry techniques, thus allowing a complete assessment of CD8 + T cell antigen-specificity, activation state and function (153, 157-159).
T cell responses, specifically the release of cytokines like IFN-gamma, can also be visualized by assays other than flow cytometry such as the ELISPOT assay (160, 161). In brief, wells pre-coated with cytokinespecific antibodies are used to capture cytokines secreted in the local environment of sedimented T cells. Secondary antibodies are then used to probe for the presence of the captured cytokine, followed by color development steps, resulting in the occurrence of distinct spots in the well. Each of these spots corresponds to a single cytokineproducing cell when employing an appropriate dilution of cells (162) . ELISPOT based on IFN-gamma secretion is a mainstay method for the identification of novel epitopes (163) (164) (165) ) and ensuing T cell functional studies (86, 165). The Cytokine Secretion and Cell Surface Capture (CSC) is a novel assay that measures the cytokine release of T cells (166, 167) . In CSC, the lymphocytes are labeled with a cytokine-specific "catch reagent", a bi-specific antibody that consists of an anti-CD45 antibody conjugated with an anti-cytokine antibody. This "catch reagent" captures the secreted cytokine onto the surface of the labeled cell. Cytokine-coated cells can then be detected with secondary anti-cytokine antibodies conjugated either to fluorochromes for flow cytometry analysis or to super-paramagnetic particles for magnetic cell sorting (MACS) enrichment (167) (168) (169) . With this, CSC allows for the isolation of cytokine secreting antigen-specific T cells that can be cultured or used in subsequent experiments (167, 170, 171) , and affords the possibility to isolate T cells for adoptive transfers (172) (173) (174) , yet its application as high throughput assay is uncommon (99) . Cytokine Secretion and Well Surface Capture (Cell-ELISA), on the other hand, allows for high throughput screening for antigenic peptides based on T cell cytokine release (175) (176) (177) . Cytokines can furthermore be visualized by quantitative real-time polymerase chain reaction (qRT-PCR) to determine the cytokine mRNA expression, and has been employed as epitope mapping strategy (178, 179) . Detection of T cell populations can also be accomplished with cellular arraybased screening strategies (180) (181) (182) (183) . Various peptide-MHC dimers (181) or tetramers (182-184) and antibodies are immobilized in different "spots" to form a microarray. When a cell suspension is layered onto the array, these "spots" capture either antigen-specific T cells (182) or the cytokines produced by T cells activated by the peptide-MHC "on-the-spot" (180, 183) . Occupied "spots" are visualized by direct inspection, differential interference contrast (DIC), or fluorescence microscopy (180) (181) (182) (183) (184) . Common issues associated with methods that circumvent flow cytometry, as described above, are that the antigenspecific T cell frequency can be difficult to ascertain and the phenotype of the responding cells cannot be determined because of a lack of simultaneous multiparametric analysis (99).
Diversity in data reporting
Multi-institutional studies involving the enumeration and characterization of antigen-specific CD8 + T cell responses have revealed that, although generally a good qualitative and quantitative agreement between results can be obtained, a significant degree of fluctuation in assay outcome between different laboratories remains inevitable (185) (186) (187) (188) (189) (190) (191) . Numerous factors lie at the basis of this variability; input material and reagents, protocol choices and local laboratory practices, for example. The continual drive for technological innovation and modifications of some of the more common types of assays (i.e. ELISPOT, ICS and peptide-MHC multimer staining) also influence inter-and intra-laboratory findings. These results have highlighted an urgent need for the harmonization of data reporting in order to convince research subjects, patients, fellow investigators, or funding and regulatory agencies that the generated data conforms to the necessary standards and scientific rigor, and that the laboratory results are properly validated. Following in the footsteps of earlier "Minimal Information projects", in particular the Minimum Information about a Microarray Experiment (MIAME) (192) , the ''Minimal Information About T cell Assays'' (MIATA) (193) project was conceived. Through several rounds of public consultation with experts in the field, associations and relevant authorities, as well as editors of scientific journals, MIATA aims to propose a broadly accepted framework of standards on the minimum information preferable for publishing T cell assay results that enable objective and thorough interpretation (194) . The MIATA project is currently undergoing a careful vetting process and is yet to be finalized for publication. The basic scaffold that so far has been established as MIATA version 1 consists of five core modules. The first concerns the "Minimal Information of the Sample" and delineates the information on the source of cellular material, the method of cell collection and processing, the storage conditions such as temperature, media and crucial time-points, the quality of the sample in terms of recovery and viability of the material, as well as methods used in evaluating those parameters (195) (196) (197) (198) (199) (200) . Additional information regarding the donor is considered optional. The second module is "Minimal Information on the Assay", which proposes that information on cell counting methodology, cell recovery and viability ranges, medium and serum used, the procedures and assay, as well as controls are included. In the third module, "Data Acquisition", it is recommended that information on the equipment, the acquisition strategies, and analysis software used should be provided during reporting. The fourth module, "Results", defines important parameters for descriptions concerning how raw data were processed and interpreted, the accessibility of raw data and the response determination, statistical tests and empirical rules used during interpretation (201) (202) (203) (204) . Lastly, minimal information on the "Laboratory Environment", which again is optional, could include a description on the general laboratory operations, laboratory procedure standardization, and the status of assay qualification and validation. It is important to emphasize that MIATA guidelines specifically are not intended to impose specific standards on the operation of individual laboratories, but rather are intended to harmonize the reporting of data in publications, thereby enhancing the clarity of data presentation and quality.
PERSPECTIVE
Vaccines have provided a major contribution to the prevention of human disease. Regardless of the many success stories involving immunization strategies against small pox, polio or HBV, significant challenges from infectious diseases remain. Case in point is the ongoing search for a prophylactic HIV vaccine with the recent highly publicized failed efficacy trials for a vaccine based solely on evoking a T cell response (205) (206) (207) . The question as to why sufficient levels of immune protection could not be reached is still debated, but the reasons are likely to be manifold as immunity is often best obtained when founded on several layers of protection, for example, through raising a combination of neutralizing antibodies and effective T cell responses. It would, however, be presumptuous to immediately disqualify the employed strategy as a whole, as it merely illustrates our limited understanding of what shapes an effective antiviral T cell repertoire.
The development of novel successful therapeutics and vaccines will need to build on the accurate description of the pertinent T cell responses, and those efforts will be confronted with the various layers of diversity as described in this review. Particular areas that in our opinion warrant systematic attention are the following. (A) There is no reason to assume that HLAs that are currently less studied ( Figure 5 ), yet widely present in the general population (Figure 2) , do not present a similar abundance of antigenic peptides as those select HLA molecules around which epitope identification has traditionally been centered. We believe that large gains can be made by focusing on HLA-variants that are commonly found in Asia, as with the two most populous countries (i.e. China and India) it accommodates well over halve the world's population and infectious diseases significantly burden the region. Coupled with the rapid development of Asian economies, which appear less affected by the recent global economic downturn, it can be reasonably expected that funding will continue to be available to support such efforts. (B) It has been demonstrated that host ethnicity influences the finespecificity of the T cell response to HBV (86), HCV (208) , HIV (209) and EBV (210) , presumably as a result of hostpathogen co-adaptation which has driven both HLA and pathogen diversification (74, 87, 211, 212) . Consequently, the HLA supertype classification, which primarily describes promiscuity in peptide binding, should be closely scrutinized for its ability to accurately describe the spectrum of protective T cell responses. (C) The shortage of identified T cell epitopes for a majority of HLA variants impacts on the confidence in corresponding predictive algorithms, as the outcome of epitope prediction for those alleles might become biased towards similar peptide motifs. Improvement of these bioinformatic methods needs to be driven by the generation of experimental data. Furthermore, we believe that particularly the consensus approach, which combines multiple predictive strategies each developed with independent training data, holds great promise. The potential of this method has been amply demonstrated for murine restriction elements together with large and complex pathogens (i.e. vaccinia virus (213) , Chlamydia trachomatis (133) , and murine gammaherpesvirus 68 (132) ) and clearly needs to be extended to the prediction of HLA-restricted epitopes.
The above issues can all be addressed directly through epitope discovery, followed by definition of T cell hierarchy and functionality, employing large and clinically well-defined disease cohorts, and will be aided by the development of novel technologies and the harmonization of data reporting. Ultimately, this will allow the proper evaluation of the importance of T cell responses for immunity against a variety of pathological challenges.
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